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The yeast HOG pathway is activated in response to increased osmolarity and affects many cellular
activities. As cells lacking Hog1 are osmo-sensitive it is believed that Hog1 is essential for survival
under osmostress. We show, however, that hog1D cells survive and even proliferate to some degree
under high osmostress for many hours. If forced to enter G1/G0 prior the exposure to osmostress,
hog1D cells survive for at least 6 days. We suggest that the primary role of Hog1 is not to preserve
viability upon exposure to stress. We discuss the possibility that Hog1 is needed for proliferation
under osmostress.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
In yeast, increased external osmolarity leads to immediate acti-
vation of the high osmolarity glycerol (HOG) MAPK pathway (re-
viewed in [1]). Hog1p activation leads to changes in gene
expression by regulating transcription factors [1,2] and by its
recruitment to chromatin [3]. Among the up-regulated genes are
those whose products are required for glycerol biosynthesis [1].
Glycerol is considered to be the biological osmo-balancing mole-
cule, and therefore critical for survival under osmostress [4]. In
addition, Hog1 was reported to impose cell cycle arrest in both
G1 and G2 phases [5,6]. Finally, activated Hog1 phosphorylates
cytoplasmic substrates such as Rck2 [7]. These Hog1-mediated
activities combined, seem essential for proper response to osmo-
stress because cells with inactive HOG pathway are osmo-sensitive
[8].
We found however, unexpectedly, that yeast cells with inactive
HOG cascade do survive for a long period under high osmostress
and even proliferate (albeit slowly). However, when reaching sta-
tionary phase under osmostress hog1D cells do not accumulate
properly at G1 phase of the cell cycle. Based on this and other data
we propose that the HOG pathway is not crucial for viability in the
ﬁrst hours after exposure to osmostress, but probably for efﬁcient
proliferation under osmostress. Finally, we show that Rck2 is an
important mediator of this activity.chemical Societies. Published by E
g).2. Materials and methods
2.1. Yeast strains and media
Saccharomyces cerevisiae strains used were: YPH102 [9]. BY4741
(Euroscarf). JBY13 (MATa leu2 ura3 his3 trp1 ade2 lys2 hog1::TRP1)
(obtained from M.C. Gustin, Rice University). BY4741hog1D (Euro-
scarf). hog1Dpbs2D [10].
Growth mediums: YPD or YPD + 0.4 M, 0.8 M or 1 M NaCl.
2.2. Plasmids
Plasmids carrying RCK2w.t. (pVA7) and RCK2EE (pVA18) [11]
were obtained from T.W. Sturgill.
2.3. Drop viability assay
Cultures were grown in YPD to logarithmic phase. Cells were
precipitated (5 min, 2000g), re-suspended in YPD + 1 M, or
0.4 M NaCl, and returned to 30 C. At indicated times sample were
removed and re-suspended in YPD to OD600 = 0.4. Five dilutions
were created (approximately 106, 105, 104, 103 and 102 cells/ml),
and 5 ll from each dilution were plated on YPD plates. Plates were
grown in 30 C for 3 days.
2.4. Colony viability assay
Cultures were grown as described in ‘‘drop viability assay”. At
the indicated times optical density was determined and 10 ll fromlsevier B.V. All rights reserved.
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after 2 days.
2.5. Growth kinetics
Cultures were diluted into YPD + 0.4 M, 0.8 M or 1 M NaCl to
OD600 = 0.1, and allowed to proliferate. (All the results presented
are the average of three experiments.)
To test growth kinetics of cultures recovering from the osmo-
stress, cultures that were exposed to 0.4 M or 1 M NaCl were re-
suspended in YPD to OD600 = 0.1.
2.6. Flow cytometry analysis
Cells were ﬁxed in 70% ethanol, washed with 50 mM Na-citrate
and treated with 0.1 mg/ml RNAseA. Cells were stained with 4 lg/
ml propidium iodide. Ten thousand cells were analyzed in a FAC-
Scan ﬂow cytometer (Becton Dickinson).
3. Results
3.1. Hog1 is not essential for yeast viability under osmostress
It is known that yeast cells with a defective HOG pathway are
osmo-sensitive [8]. However, when we measured growth kinetics
of hog1D cells exposed to 0.4 M NaCl, we observed that just like
wild-type cells, they cease growth for a short time, recover and
are capable of executing 5–6 duplications. The mutated strains
did manifest however a slower growth rate, and reached stationaryFig. 1. hog1D cultures do proliferate under osmotic stress. Growth kinetics of wild-type a
D) 0.8 M NaCl, (E and F) 1 M NaCl. Similar results were obtained with the yeast backgrophase at lower density than the wild-type strains (Fig. 1A and B). In
accordance with previous work [12], even when exposed to 0.8 M
NaCl, hog1D cells recovered from growth arrest and executed 3–4
cell divisions (Fig. 1C and D). Only under higher osmostress (1 M
NaCl) hog1D strains did not proliferate beyond 1–2 doublings
(Fig. 1E and F). On optimal YPD media wild-type and hog1D cells
grew at similar rates (data not shown).
Their ability to proliferate under osmostress suggests that
hog1D cells are actually viable under all conditions tested. To test
this notion, we directly monitored the viability of hog1D cells ex-
posed to osmostress. Samples were removed from cultures after
exposure to high or mild osmostress (from 10 min to 20 h) and
were re-plated on non-stress medium, either at serial dilutions
(drop assay) or, for a more precise estimation of viability, a certain
number of cells were plated on the whole plate (colony viability as-
say). The results (Fig. 2 and data not shown) showed that exposure
of hog1D cells to either 0.4 M NaCl or even 1 M NaCl for many
hours did not dramatically affect their survival rate (Fig. 2A and
B). Colony viability assay showed 80–100% viability of hog1D cells
in the ﬁrst few hours under high osmostress, and about 50% sur-
vival rate after 24 h (compared to the wild-type survival rate under
the same conditions which was considered as 100%, data not
shown and Fig. 2B). Interestingly, the drop in viability after 20 h
in osmostress was correlated with the appearance of elongated
projected cells with a complex morphology (data not shown) sim-
ilar to those reported in [13].
Finally, all cultures showed full growth recovery when returned
to liquid media after 20 h of exposure to 1 M NaCl (Fig. 3). Notably
however, the hog1D cells required longer recovery period.nd hog1D cells of two strains when exposed osmostress; (A and B) 0.4 M NaCl, (C and
und SP1as well (not shown).
Fig. 2. hog1D cells show high survival rate under mild or high osmostress. Wild-type (w.t.) or hog1D yeast cells (YPH102 and JBY13, respectively) were plated in ﬁve dilutions
on non-stressed YPD plates after they were exposed to: (A) 0.4 M NaCl. (B) 1 M NaCl, for the indicated times.
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fected by the absence of Hog1 was not cell survival, but rather the
cultures’ growth rate and the number of doublings under the
osmostress.
3.2. hog1D cells do not accumulate properly in G1 when grown under
osmostress
To understand why hog1D cells, although viable, fail to resume
normal growth after initial growth arrest, we wished to character-
ize the stage at which they are arrested. Growth arrest in a partic-
ular checkpoint is a common immediate response of most cells to
stress [14–16]. We tested, using FACS, whether osmostress leads to
arrest (of wild-type or hog1D cells) at particular cell cycle phase.
We found that an unsynchronized culture of wild-type cells ex-
posed to mild osmostress for 20 min (within the immediate
growth cessation) manifest equal distribution of cells between
G1 and G2 phases (Fig. 4Ab). Thus, although cells do not divideFig. 3. hog1D cultures fully recover after long exposure to high osmostress. Growth
kinetics of wild-type or hog1D yeast cells of two strains after being transferred (at
time 0) to non-stressed liquid medium from exposure of 20 h to 1 M NaCl. The
insets show the same curves, but in logarithmic scale for the optical density (Y axis).at this time (Fig. 1A and B) they do not accumulate at any particu-
lar checkpoint (Fig. 4Ab). When approaching stationary phase,
more and more cells of the wild-type strain accumulate at G1
phase and 20 h after exposure to 0.4 M NaCl close to 100% of the
cells are G1 arrested (Fig. 4Ad). The distribution of hog1D cells in
the cell cycle phases is similar to that of wild-type cells during
the ﬁrst growth arrest (ﬁrst 20 min). However, these cells,
although proliferating to high density (OD600 = 2; Fig. 1), do not
properly arrest at G1 when the culture is dense (Fig. 4Ah).
Testing cultures exposed to high osmostress (0.8 M or 1 M NaCl)
revealed similar results, but the effect of the hog1D mutation is
more pronounced. Both wild-type and hog1D cells did not accumu-
late in any particular cell cycle phase during the immediate growth
arrest which followed the exposure to high osmostress (Fig. 4Bb, f).
However, while the wild-type cells were able to recover, prolifer-
ate and ultimately accumulate at G1 when reached stationary
phase, the hog1D culture remained arrested as before (at all of
the cell cycle phases) along the exposure to the osmostress
(Fig. 4Bc, d and Bg, h and data not shown). Thus, there seem to ex-
ist a correlation between cells ability to properly accumulate in G1
at stationary phase and their ability to proliferate under osmo-
stress. This correlation is apparent when hog1D cells are exposed
to mild osmostress and continue to proliferate to high density
(Fig. 1A and B). Yet, their entry to G1 phase, although exists, is most
partial (Fig. 4Ah), and is correlated with their slower proliferation
rate.
If this correlation is indeed meaningful, we would expect better
viability of hog1D cells under high osmostress if they are already
arrested at G1. We thus allowed wild-type (BY4741) and hog1D
(BY hog1D) cultures to reach stationary phase in the absence of
any stress (3 days in YPD media) and veriﬁed their arrest by FACS
(cells are probably arrested at G0 at this point). Then, we exposed
them to 1 M NaCl (without diluting the culture) and monitored
their viability, by virtue of their ability to form colonies, 24, 48,
80 and 144 h under the stress. Strikingly, under these conditions,
hog1D cells showed very high viability rate of 80–100% even after
144 h, compared to similarly treated wild-type culture. Also, we
didn’t observe any hog1D cell acquiring the elongated morphology
that was correlated with loss of viability (data not shown).
These results show that if arrested at G1/G0, hog1D cells survive
osmostress just as wild-type cells. Namely, the mechanisms that
render yeast cells at stationary phase resistant to stresses, includ-
ing osmostress, are independent of Hog1, further supporting the
notion that Hog1 is not crucial for viability under osmostress.3.3. Activation of the Hog1 substrate Rck2 improves accumulation of
hog1D cells in G1 and proliferation under high osmostress
What could be the downstream effectors of Hog1, through
which it induces cell cycle progression under stress? A genetic
Fig. 4. hog1D cells cannot accumulate properly in G1 following exposure to osmostress. FACS analysis of unsynchronized wild-type (w.t.) or hog1D cultures were performed
at the indicated time points after exposure to: (A) mild osmostress (0.4 M NaCl). (B) High osmostress (1 M NaCl).
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gene that rescued hog1D cells under osmostress, and all positive
colonies expressed Hog1 (data not shown). This result was unex-
pected as at least one gene, RCK2, was reported to rescue hog1D
cells under osmostress when over-expressed [7] and its deletion
rescues growth sensitivity of cells with over-active HOG pathway
[4,11,17].Fig. 5. An active variant of Rck2 (Rck2EE) allows better proliferation of hog1D cells u
(BYhog1D) harboring either an empty vector, a vector expressing wild-type RCK2 (Rck
dilutions on YPD plates containing: (A) 1 M NaCl. (B) 0.8 M NaCl.We found that over-expression of Rck2 could barely rescue
hog1D cells (Fig. 5) explaining our inability to isolate it in the
screen. However, hog1D cells expressing the active form of Rck2
(Rck2EE [11]), showed a signiﬁcant improvement of growth under
osmostress (Fig. 5).
FACS analysis performed on hog1D cells expressing Rck2EE
exposed to osmostress (0.4 M, 0.8 M or 1 M NaCl) showed thatnder high osmostress. Cells of a wild-type strain (BY4741) and of a hog1D strain
2w.t.) or a vector expressing an active variant of RCK2 (Rck2EE) were plated in ﬁve
Fig. 6. An active variant of Rck2 (Rck2EE) allows improved G1 accumulation of hog1D cells under osmostress. FACS cell cycle analysis of: (A) wild-type (BY4741) and hog1D
(BY4741hog1D) strains harboring either an empty vector, wild-type RCK2 (Rck2w.t.) or an active variant of RCK2 (Rck2EE) after exposure to high osmostress for the indicated
time. (B) Wild-type (YPH102) and hog1D (JBY13) strains containing the same plasmids as in A, after exposure to mild osmostress for the indicated time.
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shown). These results further support the notion that the capability
of G1 entry is correlated with improved proliferation. Perhaps the
HOG cascade enables proliferation under stress by promoting entry
to, as well as exit from G1 phase.
4. Discussion
This study showed that hog1D cells do not die when exposed to
either mild or high osmotic stress, even after relatively long time
under these conditions (20 h). As hog1D cells do not die under
osmostress, but yet cannot proliferate efﬁciently, Hog1 may be
necessary for proper passage (entry and exit) through G1 phase un-
der osmostress. Two of our observations support a role for Hog1 inG1 entry. One is the improper G1 enter of hog1D cells, when reach
stationary phase under osmostress. The second is that if forced to
arrest in G1/G0 prior to exposure to osmostress, hog1D cells are
viable for even 6 days.
HOG1 deletion results in reduction of 30–50% in yeast glycerol
accumulation in response to osmostress [8,18]. Our ﬁndings that
hog1D cells do recover from the imbalanced turgor pressure, sug-
gest that the amount of glycerol accumulated independently of
Hog1 is sufﬁcient for viability under the stress.
Previous studies tested the role of Hog1 during release of syn-
chronized cultures from G1 and G2 arrests [5,6]. We took a differ-
ent approach and performed FACS analysis on asynchronized
cultures following their exposure to osmostress. Our results
pointed at Hog1’s role not during the immediate growth cessation,
2020 I. Maayan, D. Engelberg / FEBS Letters 583 (2009) 2015–2020but perhaps during proliferation under osmostress and particularly
when the culture reaches stationary phase. A clear example for this
notion is the result shown in Fig. 4Ah which represents a hog1D
culture that proliferate almost normally, to high density, on
0.4 M NaCl (Fig. 1A), but is unable to accumulate properly in G1
phase. The possibility remains however that Hog1’s activity per
se is not required for G1 entry at stationary phase, but hog1D cells
never reach a bona ﬁde stationary phase when exposed to osmotic
stress. On the other hand the notion that Hog1 has an important
role in cell cycle promotion through G1 is supported by the study
of Migdal et al. [19] who showed that hog1D cells have prolonged
G1 arrest when exposed to arsenic- or osmotic-stress. They suggest
that Hog1 is essential for release from G1 arrest by inducing degra-
dation of Sic1 [19]. The studies of Belli et al. [20] and of Uesono and
Toh [21], also support the concept that Hog1 is a supporter of cell
cycle promotion under stress. Finally, the mammalian ortholog of
Hog1, p38, was suggested as a cell cycle checkpoint in stressed
cells [22].
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